We characterized the RNA elements involved in the packaging of Rift Valley fever virus RNA genome segments, L, M, and S. The 5=-terminal 25 nucleotides of each RNA segment were equally competent for RNA packaging and carried an RNA packaging signal, which overlapped with the RNA replication signal. Only the deletion mutants of L RNA, but not full-length L RNA, were efficiently packaged, implying the possible requirement of RNA compaction for L RNA packaging.
R ift Valley fever virus (RVFV) (the genus Phlebovirus, family
Bunyaviridae) carries three single-stranded, negative-sense RNA segments, L, M, and S. The viral RNA-dependent RNA polymerase (L protein), envelope Gn/Gc glycoproteins, and N protein, all of which are essential for virus replication, are encoded in L, M, and S RNAs, respectively; hence, copackaging of the three genomic RNA segments into a virus particle is necessary for the generation of infectious RVFV, yet our understanding of bunyavirus RNA packaging mechanisms is still in its infancy (2, 4, 11, 15, 19, 23, 26) . Using RVFV, we address several unexplored questions in bunyavirus genome packaging, including the biological activities of the noncoding regions (NCRs) of each viral RNA segment for RNA packaging, the identification of RNA packaging signals, and a possible role(s) of the coding regions in viral RNA packaging.
RVFV M RNA as well as S RNA is efficiently packaged, in the absence of any other viral RNA segment, into virus-like particles (VLPs), released from cells expressing the viral structural proteins and harboring the replicating M RNA and S RNA, respectively (26) . However, RVFV L RNA is not packaged efficiently into VLPs in the absence of other viral RNA segments; both M and S RNAs are required for efficient L RNA packaging (26) . To test the possibility that L RNA lacks a packaging signal, BSR-T7/5 cells stably expressing T7 RNA polymerase (3) were cotransfected with a plasmid expressing T7 polymerase-driven anti-viral-sense L RNA-derived L-SacI RNA or L-NcoI RNA, each carrying a large internal deletion within the L gene ( Fig.  1A) , along with the plasmids expressing L, Gn/Gc, and N proteins (26) . As a control, we used a plasmid expressing the fulllength L RNA. At 3 days posttransfection, cell extracts were collected and the VLPs released into the supernatant were purified by ultracentrifugation (10, 26) . The intracellular accumulations and the incorporations of Gn/Gc and N proteins into VLPs were similar among all three samples ( Fig. 1B) , suggesting the production of similar levels of VLPs. The intracellular accumulation of full-length viral-sense L RNA was appreciably lower than that of the two deletion mutants (Fig. 1C , left panel); the L RNA deletion mutants most probably replicate faster than the full-length L RNA due to their shorter lengths, resulting in higher intracellular accumulation of the L RNA deletion mutants. The amount of the full-length L RNA in VLPs was also substantially lower than that of the deletion mutants ( Fig. 1C , right panel). Comparing the band intensities of the full-length L RNA in undiluted intracellular and VLP samples and those of mutant RNAs in serially diluted intracellular and VLP samples revealed a trend toward less efficient packaging of longer L RNAs (Fig. 1C ). These data indicated the presence of a functional packaging signal(s) in L RNA and also suggested that the large genome size prevented the efficient packaging of the full-length L RNA.
To know whether the viral sequences in the intergenic region and the coding regions of S RNA contribute to S RNA packaging efficiency, we prepared S-N/rLuc RNA, by replacing the NSs gene with the Renilla luciferase (rLuc) gene (8) , and SNCR-rLucR RNA, in which the regions encompassing the N gene, intergenic region, and the NSs gene were replaced with the rLuc gene ( Fig. 2A ). Cotransfection of plasmids expressing N, L, and Gn/Gc proteins along with the plasmid expressing either S-N/rLuc RNA, SNCR-rLucR RNA, or S RNA resulted in the production of similar levels of VLPs (Fig. 2B ). The intracellular accumulation levels and the packaging efficiencies of the three RNAs into VLPs were similar (Fig. 2C ). The lack of incorporation of rLuc mRNA, which is transcribed from S-N/ rLuc RNA, into purified VLPs demonstrated the selectivity in minigenome RNA packaging ( Fig. 2C ). Because SNCR-rLucR RNA lacked the intergenic region, which includes the transcriptional termination signal (1, 9, 12) , the production of an mRNA that is structurally identical to rLuc mRNA of S-N/rLuc RNA in cells supporting SNCR-rLucR RNA replication was unlikely. These data suggested that sequences in the intergenic region and the coding regions of S RNA had little to no effect on the packaging efficiency of RVFV S RNA into VLPs.
We performed similar experiments to examine whether the sequences in the coding region of M RNA contribute to the efficiency of M RNA packaging by using full-length M RNA and MNCR-rLuc RNA, in which the M gene open reading frame (ORF) was replaced with the rLuc gene ORF (Fig. 2D ). Due to the expression of Gn/Gc proteins from the replicating M RNA, the levels of Gn/Gc proteins in cells harboring the replicating M RNA were slightly higher than the levels in those harboring the replicating MNCR-rLuc RNA ( Fig. 2E) . Similarly, the amount of incorporated Gn/Gc proteins in VLPs obtained from cells harboring the replicating M RNA was also slightly higher, implying slightly higher VLP production from these cells ( Fig.  2E ). The amounts of MNCR-rLuc RNA in cells and in VLPs were substantially higher than those of M RNA (Fig. 2F ). How-ever, the packaging efficiencies of M RNA and MNCR-rLuc RNA were found to be comparable, after taking into consideration the small differences in the production of VLPs between the two samples ( Fig. 2F ). These data imply that the coding region of M RNA did not play a major role in determining M RNA packaging efficiency.
To directly compare the RNA packaging competencies of the NCRs in each RNA segment, we examined the packaging efficiencies of the minigenome RNAs, LNCR-rLuc, MNCR-rLuc, and SNCR-rLuc, derived from L, M, and S RNAs, respectively; the minigenome RNAs carried only the rLuc gene flanked by the 3=-and 5=-terminal NCRs from the respective (25) , and the RNAs were subsequently transferred to a nylon membrane. The RNAs were detected using digoxigenin-labeled RNA probes that specifically hybridized with nt 8 to 756 in the 3= end of the viral-sense L RNA (10, 26) . The band intensities of L RNA and its mutants were measured by ImageJ software. The numbers below the lanes of the right panel represent the packaging efficiencies of the respective L RNAs, reported as approximate percentages of the packaging efficiency of the L-NcoI RNA sample with the highest dilution. The packaging efficiency for any given L RNA was calculated as the ratio of the band intensities of VLP and IC RNA. Representative data from three independent experiments are shown.
RNA segments (Fig. 3A) . Similar amounts of VLPs were produced from cells supporting the replication of each mutant RNA (Fig. 3B ). All the mutant RNAs replicated to similar levels and were packaged into VLPs with similar efficiencies (Fig.  3C) , demonstrating that the NCRs of each RVFV RNA segment had similar RNA packaging competencies.
Next, we tested whether the entire NCR in each RVFV RNA segment is required for efficient packaging of the minigenome RNAs into VLPs. We constructed a series of 5= NCR deletion mutants using the parental minigenomes, LNCR-rLuc, MNCR-rLuc, and SNCR-rLucR. The rLuc gene was inserted in the opposite orientation in SNCR-rLucR. Each mutant had a NSs gene in S RNA was replaced with the rLuc gene to generate S-N/rLuc, while the N gene, the intergenic region, and the NSs gene in S RNA were replaced with the rLuc gene to generate SNCR-rLucR. The wavy lines represent the N probe, a riboprobe that hybridizes with nt 1 to 738 of the N gene and detects the viral-sense S RNA, and the double lines represent rLuc probe 1, a riboprobe that hybridizes with nt 1 to 702 of the rLuc gene and detects the rLuc mRNA and viral-sense SNCR-rLucR and S-N/rLuc RNAs. (B) Cell extracts and VLPs were prepared using the methods described for deletion of different length in the 5=-terminal NCR (Fig. 4A , D, and G). Because the 3=-and 5=-terminal 16 to 19 nucleotides (nt) in the NCR of each RNA segment are important for the formation of a panhandle structure, which is most likely essential for genome replication (7) , the terminal 15 nt of the 5= NCR were kept intact in each deletion mutant. In experiments comparing the deletion mutants and their respective parental minigenomes, similar amounts of VLPs were produced and the amounts of packaged minigenome RNAs were roughly proportional to their intracellular levels of accumulation ( Fig. 4B , C, E, F, H, and I). Also, the minigenomes carrying only the terminal 15 nt of the 5= NCR replicated less efficiently than did the other mutants. These data demonstrated that the entire 5= NCR and the terminal 15 to 25 nt of the 5= NCR in each RVFV RNA segment were equally competent for minigenome RNA packaging and that the RNA replication signals in the 5= NCR of each RVFV RNA segment overlapped with the viral RNA packaging signal.
To determine the contribution of the terminal 25 nt in the 5= NCR of each RNA segment toward RNA packaging, we compared the replication and packaging competencies of LNCR-25 RNA, MNCR-25 RNA, and a new construct, S RNA-derived SNCR-25 RNA, all of which carried the rLuc gene flanked by the 3= NCR and the terminal 25 nt of the 5= NCR of the respective RNA segments. Similar levels of RNA replication and packaging of these RNAs into VLPs (Fig. 4K and L) demonstrated that the terminal 25-nt sequences in the 5= NCR of each RNA segment have similar competencies for minigenome RNA replication and packaging.
We observed an increase in the packaging efficiency of L RNA, but not M or S RNAs, with decreasing lengths of viral RNA. Although the mechanism that drives the length-dependent packaging of L RNA into VLPs requires further investigation, the efficient packaging of the 6.4-kb-long L RNA genome into RVFV particles may require proper L RNA compaction; the importance of compactly folded tertiary structure for viral RNA genome packaging has been suggested previously (28) . Also, studies on the RNA packaging mechanism of bacteriophage MS2 have suggested that the binding of coat protein to single-stranded viral RNA genome leads to viral RNA compaction and conformational changes of the coat protein, both of which contribute to efficient RNA packaging (24) . It is possible that a putative interaction(s) of M and/or S RNAs with L RNA (26) facilitates L RNA compaction that results in the efficient packaging of L RNA. In contrast to L RNA, the 3.9-kb-long M RNA and 1.7-kb-long S RNA may be able to form packaging-competent RNA structures by themselves, resulting in their efficient packaging. Alternatively, the shorter lengths of M and S RNAs may obviate RNA compaction to drive the efficient packaging of these RNAs into RVFV particles.
RVFV minigenomes that replicated well in the cells were also efficiently packaged into VLPs; we were unable to identify discrete cis-acting RNA replication signals and RNA packaging signals as these signals overlapped in RVFV. Our data are consistent with a model in which a panhandle structure formed by the 3= and 5= termini of each RNA segment serves as a core RNA replication signal as well as the viral RNA packaging signal, the latter of which interacts with the cytoplasmic tail of Gn protein (23) to facilitate selective viral RNA packaging. The packaging of nonreplicating viral RNA into RVFV VLPs can occur (23); probably, some of the nonreplicating viral RNAs are able to form an appropriate RNA structure suitable for RNA packaging into RVFV VLPs.
In contrast to RVFV, the terminal ϳ20-nt sequences of influenza A virus (FLUAV) RNA genome segments serve as minimal RNA replication signals (22) , but the NCRs and the coding regions are both required for efficient genome packaging (5, 6, 13, 14, 16, 17, 20, 21, 27) . Studies have shown that all eight RNA segments are required for efficient FLUAV RNA packaging (6, 18) , which is similar, in principle, to the observations that efficient RVFV L RNA packaging occurs in the presence of M and S RNAs (26) and that a region within the 5= NCR of M RNA is necessary for the copackaging of M and S RNAs as well as L RNA packaging into VLPs (26) . Because the mechanisms of FLUAV RNA genome copackaging are largely unknown and the number of RNA genome segments packaged into RVFV is much lower than that packaged into FLUAV, these studies using RVFV could serve as a more RNAs. All the RNAs carried the rLuc gene, and the orientation of the rLuc gene is illustrated. Each mutant had a deletion of a different length in the 5=-terminal NCR, and the nucleotide lengths of the remaining intact 5= NCR in the RNAs are shown. (B, E, H, and K) Cell extracts and VLPs were prepared using the methods described for Fig. 1B . Western blot analysis using anti-RVFV mouse antibody shows the accumulation of Gn/Gc and N proteins in cells (IC) and in VLP (VLP) samples. (C, F, I, and L) Intracellular RNAs (IC) and RNAs in VLPs (VLP) were subjected to Northern blot analysis using rLuc probe 2 (A, D, and J) or rLuc probe 1 (G). The packaging efficiencies of the RNAs were determined as described in the Fig. 2 legend and reported in panels C, F, I, and L as approximate percentages of the packaging efficiency of LNCR-rLuc, MNCR-rLuc, SNCR-rLucR, and LNCR-25, respectively. Representative data from three independent experiments are shown.
